Radiation-Induced Complications after Breast Cancer Radiation Therapy: a Pictorial Review of Multimodality Imaging Findings
The purpose of this pictorial essay is to illustrate the multimodality imaging findings of a wide spectrum of radiation-induced complications of breast cancer in the sequence of occurrence. We have classified radiation-induced complications into three groups based on the time sequence of occurrence. Knowledge of these findings will allow for the early detection of complications as well as the ability to differentiate tumor recurrence.
he primary target of radiation therapy is the eradication of microscopic residual disease adjacent to the original site of the tumor as well as the elimination of any evidence of multicentric disease. External beam radiation is the usual type of radiation therapy that is administered for the treatment of breast cancer. External beam radiation consists of three steps: computed tomography (CT) simulation, contouring of the targeted site and tangential two-field planning ( Fig. 1 ). Exposure to radiation affects the adjacent structures as well as the operation bed within the entire breast (1) (Fig. 2) .
We have classified radiation-induced complications into three groups based on the time sequence of occurrence (2) ( Table 1 ). The first group is composed of early complications that arise during the weeks to months following completion of radiation therapy including breast edema, fat necrosis, dystrophic calcifications, radiationinduced pneumonia and pleural effusion. The second group is composed of intermediate complications that arise during months to years following completion of radiation therapy including breast fibrosis, glandular atrophy, lactational difficulty, overlying bone fracture, pulmonary fibrosis and pericardial disease. The third group consists of late complications such as cardiomyopathy and radiation-induced malignancies that arise more than ten years following completion of radiation therapy.
EARLY COMPLICATIONS

Breast Edema
During the acute period after irradiation, inflammatory markers are induced and the expression of these proteins contributes to increased vascular permeability of breast tissue (3) . Breast edema that manifests as skin and trabecular thickening appears generally in the first several weeks after completion of radiation therapy (Figs. 3, 4) . Initially, there is engorgement of the dermal as well as of the intramammary lymphatics (trabecular thickening). This edema usually resolves over a period of weeks, months or sometimes years. Radiographically, an irradiated breast with skin and trabecular thickening appears denser as compared to the contralateral normal breast. 
Radiation-Induced Calcifications
Radiation-induced calcifications are benign dystrophic calcifications that are due to a combination of surgical trauma and radiation exposure (Fig. 6) . The calcifications are generally large and irregular in pattern, with central lucency and calcifications that always occur at the site of surgery. In addition, it is common for sutures to calcify after radiation therapy. Calcified sutures are usually characteristic as the calcified sutures are equally spaced along the suture line and the presence of calcified knots is frequently evident.
Radiation Pneumonitis
Radiation-induced lung injury typically presents with two distinct, subsequent clinical phases: pneumonitis and fibrosis (5) . Radiation pneumonitis is consolidation or ground glass opacity that is localized in the radiation field due to acute exudation in the alveolar space and migration of inflammatory cells. Radiation pneumonitis occurs 4-12 weeks after completion of radiation therapy, and radiation pneumonitis can regress to complete restitution or evolve into fibrosis when present with a more severe grade. Lung alterations are scored according to a scoring system devised by Nishioka et al. (6) The scoring includes Grade 0, no significant changes in the radiation field; Grade 1, only pleural thickening in the radiation field; Grade 2, pulmonary changes (plaque-like or heterogeneous density) in < 50% of the area of the radiation field; Grade 3, pulmonary changes in > 50% of the area of the radiation field (Figs. 7, 8) . A. Mammography of right breast shows diffusely increased density due to skin and trabecular thickening (arrows).
B. Chest CT scan shows diffuse breast edema with skin and trabecular thickening (arrows). C. Whole body PET image shows diffuse skin thickening and interstitial edema with mild hypermetabolic activity (max SUV = 1.8) (arrowhead) in irradiated right breast.
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INTERMEDIATE COMPLICATIONS
Breast Fibrosis (Glandular Atrophy)
In some cases, radiation-induced breast edema progresses to become a permanent fibrotic change with glandular atrophy. As demonstrated in previous studies (7, 8) , a high radiation dose, concurrent chemotherapy with radiation therapy and underlying collagen vascular disease have been shown to be significantly associated with an increased incidence of breast fibrosis. As seen on serial follow-up mammograms, the breast parenchyma gradually shrinks and is denser as compared with the contralateral normal breast (Fig. 9) .
Lactation Difficulty
In the lactational period, it is possible to have poor glandular proliferation in the irradiated breast due to radiation-induced vascular injury, fibrotic change and A B glandular atrophy. For this condition, there is compensatory hyperstimulated glandular tissue in the contralateral breast (Fig. 10) .
Pulmonary Fibrosis
Pulmonary fibrosis is a late injury due to interstitial damage involving the parenchyma as well as the pleura. Severity seems to be related to a number of factors, including the volume of the irradiated lung, radiation dose, fractionation or concomitant use of some chemotherapy regimens (9) . It appears that relatively sharp marginated fibrosis is localized in the radiation field (Fig. 11) . 
Radiation-Induced Complications after Breast Cancer Radiation Therapy
LATE COMPLICATIONS
Overlying Bone Fractures
Radiation-induced osteonecrosis occurs due to vascular compromise with obliterative endarteritis and damage to osteoblasts and osteoclasts (10) . To induce osteonecrosis, a dose greater than 6 Gy in adults is required and onset occurs more than one year after completion of radiation therapy. Findings include focal lucency, periostitis, sclerosis, insufficiency fractures and cortical thinning. Initially, a bone scan will show decreased uptake of radioactive material in the radiation field. In the late stage, radiationinduced bone fracture and increased radioactive material uptake are seen on a bone scan (Fig. 12) . In addition, there is increased susceptibility of the irradiated bone to infection and an increased risk to develop bone sarcomas in the irradiated field (latency > five years).
Radiation-Induced Malignancy
Radiation-induced malignancies such as invasive ductal carcinoma, lymphoma and angiosarcoma are infrequent and late complications (11) . Radiation-induced angiosarcomas are very rare tumors of endovascular origin. Primary angiosarcoma accounts for only 0.04% of breast tumors and affects patients of younger age (20-40 years). Secondary angiosarcoma induced by radiotherapy occurs in older aged patients, with a mean age of 68 years. Secondary angiosarcoma is difficult to diagnose due to its rarity, benign appearance and difficulty in differentiation from radiation-induced changes in the skin (12) (Fig. 13) . Therefore, it is very important that radiologists are aware of the possible presence of an angiosarcoma. 
CASES AND PITFALLS
Fat Necrosis versus Local Recurrence
The use of MR imaging has some advantages in the differential diagnosis of fat necrosis and a recurred lesion. MR imaging with fat suppression can suggest the possibility of fat necrosis. On contrast-enhanced MR imaging, no enhancement, early enhancement and spiculated enhancement for a cystic lesion containing fat-fluid level can suggest the possibility of fat necrosis. The use of threedimensional fat-suppressed dynamic MR imaging also appears to be efficacious for the specific detection of malignancies (2).
Radiation-Induced Dystrophic Calcifications versus Malignant Calcifications
Analysis of calcifications that arise in the post-irradiated breast can be difficult. If tumor calcifications remain after surgery, the calcifications may be unaffected by radiation or may undergo resorption. In cases of neocalcifications that appear after radiotherapy, the neocalcifications represent benign calcifications associated with tumor necrosis rather than the presence of a recurrent tumor. In addition, neocalcifications during radiation therapy within two years following surgery are generally benign dystrophic calcifications. Benign radiation-induced calcifications are large and have an irregular margin, with (Fig. 14) .
Radiation-Induced Breast Edema versus Inflammatory Breast Cancer
Radiation-induced breast edema shows similar imaging findings as the serious condition of inflammatory breast cancer, with a diffusely enlarged breast with trabecular and A. 53-year-old female patient who had undergone left breast-conserving surgery that was followed by radiation therapy due to invasive ductal carcinoma eight months ago are shown. Mammography of left breast shows clustered microcalcifications with linear branching pattern and pleomorphism. Presence of recurrent ductal carcinoma in situ was confirmed after pathological examination. B. 68-year-old female patient who had undergone right breast-conserving surgery that was followed by radiation therapy due to invasive ductal carcinoma one year prior are shown. Mammography shows presence of lucent centered curvilinear calcifications without associated mass. Presence of fat necrosis was confirmed after pathological examination.
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skin thickening as depicted on mammography and US. However, inflammatory breast cancer shows the presence of a malignant mass lesion within the edematous breast parenchyma and inflammatory breast cancer may be accompanied with a coexisting metastatic lymph node in the ipsilateral axillary area (Fig. 15) . In contrast, radiationinduced breast edema does not show a coexisting malignant mass and metastatic axillary lymph node; radiation-induced breast edema slowly resolves and may progress to benign breast fibrosis. A. 53-year-old female patient who had undergone left conservation surgery due to invasive ductal carcinoma two years ago are shown. Chest CT scans show nodular seeding lesions along pleuropericardial surface (arrows) with malignant pleural effusion. B. Right pleural effusion without associated nodularity in 59-year-old female patient who was subjected to right breast irradiation two weeks prior is shown, suggesting presence of radiation-induced pleurisy.
Radiation-Induced Pleural Effusion versus Malignant Pleural Effusion
Malignant effusion in the pleural and pericardial space have common seeding nodules or masses that appear with slow or rapid progression as seen on serial follow-up imaging. In contrast, radiation-induced effusion is a pure transudate associated with radiation-induced pneumonitis. There is no evidence for the presence of a seeding mass and the condition slowly resolves as seen on serial followup imaging with improvement of the condition (Fig. 16) .
Overlying Bone Fracture versus a Bone Metastasis
Generally, for the postoperative breast cancer patient, hot (radioactive material) uptake lesions as seen on a bone scan highly suggest the presence of a bone metastasis. Metastatic bone lesions commonly show soft tissue mass formation and destructive bone change rather than a radiation-induced change. In addition, a hot uptake or decreased uptake that is sharply localized in bony structures of the radiation field may have the possibility to be a benign fracture associated with radiation-induced osteonecrosis (Fig. 17) .
CONCLUSION
It is necessary for a radiologist to know and to understand the expected complications for the interpretation of follow-up images in patients after radiation therapy for breast cancer. Familiarity with a spectrum of imaging features and pitfalls of these complications should allow for accurate diagnosis. 
